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FIRST C O ~ E S S O R  STAGE 

By Ward W. Wilcox and Linwood C. Wright 

0 
6 A highly loaded transonic  rotor was designed, built, and tested as 

pazt of a two-stage counterrotating-compressor research program. The 
design  conditions, which w e r e  a l so  chosen to explore the upper limits of 

r a t i o  of 2.03, a weight f l o w  of 29.2 pounds per second per square foot of 
f ron ta l  area, and  an  adiabatic  efficiency of 0.92. A t  the design-speed 
peak-efficiency point, a pressure r a t i o  of 2.0 was obtained at a weight 
f l o w  of 29.2 pounds per second. per  square  foot of, f ron ta l  area and &z1 

adiabatic  efficiency of 0.87. 

5 loading  and Mxh n M e r  fo r  the transonic  unit,  specified a pressure 

v 

The discrepancies between t h e  design  and  experimental results are 
analyzed on an  over-all basis and from a spanwise variation of flow condi- 
tions. T5is rotor  seemed sui tab le   for  the f irst  stage of the counter- 
rotat ing compressor; i ts  use as a first-stage ro tor  i n  a conventional 
transonic compressor is a l s o  dismased. The range of operation a t  each 
speed is  compazable with that obtafned with ro tors  having lower loading. 

The complete rotor  design  procedure is presented, i n  addition to the 
recorded s ta l l  traces and the techniques  for  obtaining  such data. 

INTRODUCTION 

As a means of achieving the maxirmun compression in the fewest nunib- 
of stages, counterrotation of succeeding  rotors has been  suggested f o r  
many years. The potent ia l i ty  of this type of compressor has been  inves- 
tigated analyt ical ly  on a one-dlmensional basis in reference 1. Although 
pract ical  mechanical  considerations of a high-speed unit lhit the number 
of counterrotating stages to two, t he  total-pressure  ra t io  available from 
two stages was insuff ic ient  to fldfill. cycle pressure-ratio  requirements 
for  conventional  Jet  engines  until the advent of transonic and supersonic .. 
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compressor stages. A supersonic  .compressorCe,g., r e f .  2) characteris- 
t i c a l l y  has  high t i p  speed, which imposes serious problems on the  turbine a 

design  (as  in  ref.  3). On the ather hand, 'counterrotation  allows  high 
work loading on the  second stage of a compressor without  the  extremely 
high t i p  speeds. . -  . . . . - . . -. - - . " . - . . . . . " ... . . .~ 

" 

m e  f i rs t  stage  of a counterrotating compressor derives no di rec t  
benefi t  from counterrotation  except that stator   l imitat ions do not  re- 
s t r ic t   the   design.  Because the   s ta tors  are eliminated i n  this applica- 
t ion,  it may be  possible to   load   the   f i r s t - s tage   ro tor  more heavily.than 
conventional  rotors  without exceeding the blade-element  loading parameters 
commonly employed (ref. 4 ) .  In  the  particular  rotor  discuesed fn t h i s  
report ,   the  t ip-section  loading was  carried beyond normal transonic-stage 
limits as part  of a general  study  to  determine  the limits t o  which loading 
and Mach  number could  be  extended. In this  case,  it was considered that, 
if necessary,  the t i p   s e c t i o n  could  be  unloaded-by  relatively  simple 
modifications, whereas the  opposite  effect  would be  diff icul t   to   achieve.  1 

crl 
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In  the  design  of  this  counterrotating compressor, which consist6 
primarily of a highly loaded transonic  rotor  followed by a supersonic 
rotor,  the  experience from the  rotors  of' references 5 t o  8 was used. A 4 

major consideration was t o  keep the  second-stage  outlet -&ch number at a 
low l e v e l   t o  minimize the  supersonic  stator prob1e.m discussed i n  
reference 9. 

- .. 
- ~ - ,  
i 

Whereas design-speed compressor  performance may be calculated  in a 
conventional manner, the performance at off-design  speeds and at combIna- 
t ions of ro tor  speed was considered t o  be beyond analytical  determination. 
To f a c i l i t a t e  compressor  and turbine matching etudies from which engine 
pumping character is t ics  can be determined, it is necessary t o  have complete 
performance maps of both  the  compressor.and-the  turbine.-  Preliminary- 
analyt ical   s tudies  of counterrotating  turbines  that produce  such  niaps.-iie 
given in reference 10. One of t h e   p r i m y   o b j e c t i v e s  of t he  counter- 
rotat ing compressor program is t o  provi.*.these maps f o r  t h e  compressor 
components. 

- " 

. .  - 

.. 

I n  th i s   repor t ,  the design,  the  over-all performance, and t he  stall 
character is t ics  of the  f irst  highly loaded transonic rotor  are presented.. 
In addition t o  its function as the first stage of the counterrotating com- 
pressor ,   th is   rotor  was designed. 88 a unit in which the  performance of 
conventional  blading  could  be  evaluated a t  unconventional  levels of 
loading  and Mach number. 
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General  Considerations 
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I n  designing a compressor, it i s  usually necessary to go through 
preliminary calculat ions  in   order   to  establish the  initial limits and 
c r i t i c a l  problems of the design. For the two-stage  counterrotating- 
compressor design,  an  over-all pressure r a t i o  of 5 and a corrected spe- 
c i f i c  w e i g h t  flow of  about 30 pounds per second per square foot of fron- 
t a l   a r e a  w e r e  desired.. The work s p l i t  was chosen so that the energy 
addition in the second stage was twice that i n  the f irst  stage. The 
consideration of power available,  gearing, and air services limited the 
nominal outer d i a m e t e r  t o  16 inches. 

Because of the high pressure  ratio,  the high weight flow, and the 
41 re lat ively  short  axial length desired f o r  the ffrst stage, it m s  neces- s s w y  to estimate the efPect of wall curvatures on the veloci ty   dis t r ibu-  
P t ions  before and aster the rotor .  In order   to  minimize the effect of 
7 wall curvature on these velocity  distributions,  an arbi t rary limit of 20° 
g. was set for the hub cone  angle. This necessitated a reduct ion  in  the 

o u t e r   r o t o r   t i p  diameter, which WRS defined*by an analytical expreesion 
to ensure a smooth contour. In   addi t ion,  it was considered necessary to 

to define  rotor-outlet  conditions more exactly. 
d employ an estimated radial variat ion of loss at the ro tor   ou t le t   in   o rder  

Other arbitrary spectfications  for the first-stage ro to r  w e r e  as 
follows: 

Nominal equivalent t i p  speed, Ut/&, f t /sec  . . . . . . . . . . .  1260 
Inlet hub-tip raditls ra t io ,  rh/rt . . . . . . . . . . . . . . . . .  0.5 
Design specif ic  weight flow allowing a blockage  factor  of 0.98, 
Ib/ (sec) (sq f% ) . . . . . . . . . . . . . . . . . . . . . . . . .  30.6 

Radially constant  energy  additfon, Btu/lb . . . . . . . . . . . . .  30.5 
Ro-tor axial depth, in. . . . . . . . . . . . . . . . . . . . . . .  2.5 
Chord length, in. . . . . . . . . . . . . . . . . . . . . . . . . .  2.75 
EI.~~I cone angle . . . . . . . . . . . . . . . . . . . . . . .  not  over 20° 

The t i p  speed  of the transonic first-stage ro tor  corresponded to 
that of  the ro tor  of  reference 8 at 90 percent  of  design speed. The 
radial d is t r ibu t ion  of  entropy  determined in   t e s tb  of  the ro tor  (ref. 8) 
a t  90-pecent design speed was used as the predicted loss  variat ion f o r  
the  subject  rotor. However, t h e  rotor  of  reference 8 differed from the 
current  rotor because it w a s  not  designed  for  radlially  constant  energy 

Because of these dissimilarities, the resul t ing  over-al l  pressure r a t i o  
and efficiency were slightly d u f e r e n t  from those  of  reference 8, the 
f i n a l  computed values  being 2.03 and.0.92, respectively. 

- addition and had an  inlet   hub-t ip   radius   ra t io  of 0.7 instead of 0.5. 

- 
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Rotor-Inlet  Conditions 

NACA RM E56C15 . 

Became  of t h e  time  required  for the more elaborate procedure6  (such 
as stream-filament methods 1, the  following  approximate  procedure was 
adopted f o r  the inlet-annulus  design and e s t i m t i o n  of the  resul t ing 
axial veloci ty   dis t r ibut ion.  The r o t o r   t i p  contour is given  as a func- 
t i o n  of axial   posi t ion by the following  expression: 

rt = 8.090 - 0.0438~~ + 0.0146~~ - 0.0013~~ (1) 

where z equals t h e  axial   d is tance i n  inches from a fixed or igin 
(axially,  1.0 in.  upstream of the rotor  blade leading edge at the hub). 

The radius of curvature rw of the  outer wall a t  t he  compressor 
face (in  the  radial-curial  plane) was 8.8 inches. A t  the inside wall, the 
bearing housing l imited  the minimum  hub rad ius   ra t io   to  0.4. In the 
radial-axial  plane, a circular  arc having  a  9.25-inch radius was, there- 
fore,  drawn tangent t o  the 19O hub slope at  the  hub-tip  radius  ratio of 
0.5 (rotor  inlet) and tangent t o  the hub-tip  radius  ratio of  0.4 at zero 
slope (upstream of the   ro to r . i n l e t ) .  

The curvatures of the outer and the inner w a l l  i n  the radial-axial  
plane were almost  equal i n  magnitude but  i n  opposite  directions. At in- 
termediate  radii,  a linear var ia t ion between the wall values was assumed, 
for  simplicity.  The veloci ty   prof i le  far upstream wa6 assumed t o  be 
uniform. It was then assumed t h a t  the static-pressure  gradient along the  
compressor-inlet  radius r would be a function of the curvature  in  the 
radial-axial  plane l/rc6 For isentropic flow, this assumption  appears 
t o   b e  a  reasonable  approxirnstion for  the  conditions when the  direction of 
t he   r ad i i  of curvature rv,t and rv h alld the  compressor radius r a re  
in   the  same direction. Under these  assumptions, using the  Bernoulli 
equation and the  equation of motion, the following expreseion fo r  the 
r a t i o  of the ve loc i ty   a t  any r ad ius   t o   t he  t i p  velocity wa8 derived: 

I 

b 

where the  curvature was assumed t o  be fixed by the  expression 
l/rv = m + nr, and the coefficients m and n were determined fYom the 
fixed hub and t i p  w a l l  curvatures  in the radial-axial  plane. For th ie  
configuration, m = 0.3310 and n = 0.02783. (All synibols are  defined in 
appendix A. 1 

A value of t i p   ve loc i ty  V t  was chosen, and V was found at a num- 
ber of radii. The weight flow was found by integrating p V  across the 
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annulus. If the  integrated. weight  flow did  not check the  design  value, 
the  assumed Vt was a l te red  and a new weight  flow was obtained.  This 
process was repeated  unti l   the  desired weight  flow  resulted. 

L 

Rotor-Outlet  Conditions 

Because of the  s teep  rotor  hub, it was evident that t h e  hub prof i le  
computations had to  be  carried  through  the  interrotor  space i n  order  to 
determine  the resulting change i n  flow  conditions from the   ou t l e t  of t he  
f i r s t  s t age   t o   t he  inlet of  t he  second stage. For t h i s  reason,  an  inter- 
rotor  calculation was set up t o  cover  an  axial  distance greater than  the 
expected  interrotor  spacing (fig. 1). This  calculation  (appendix B)  
begins  with  an assumed variat ion of axial   veloci ty   a long  the  outer  w a l l  
and considers  radially  constant  energy  addition,  continuity, and a reial- 
equilibrium  equation that neglects  only  the  tangential   variations  for 
perfect   f luid.  f i o m  t h i s  procedure at any axial   posit ion,   the  vaziations 
of a l l  flow  parameters  and of the  radius w e r e  determined as functions  of 
percent  weight flow beginning  with z e r o  a t  the  outer wall. The computa- 
t ions  w e r e  t e r m i n a t e d  a t  the  100-percent-weight-flow  radius when the  hub 
radius and angle E at the  rotor  outlet  corresponded  with  the desired 
values. Cones generated by revolving  the  l ines   in  the radial-axial  plane - connecting  points of equal weight  flow at the   ro tor  inlet and ou t l e t  w e r e  
defined as stream surfaces for  blade  layout  purposes  (fig. 1). The design 
r e s u l t s  are c m d  with the  experimental   resul ts   in  the subsequent data 
presentation figures . 

f 

Blade-Section  Selection for Computed Velocity Di-ams 

When the  desired diagrams of   f i r s t - s tage   ro tor - In le t  and -out le t  
veloci t ies  were determined, a physical  blade s t i l l  had t o  be  prescribed 
tha t  would produce the  computed flow conditions. For the   f i r s t - s t age  
rotor,  which is a high-performance transonic  rotor,   the  conventional 
blade-element  approach was used. Airfoil   sections of  double-circular-arc 
configuration  having  4.5-percent-chord  thickness at t h e   t i p  and  9-percent- 
chord  thickness a t  t h e  hub.were  chosen fo r  a constant  2.75-inch  chord on 
the  s t r e a m  surfaces. Leading- and  trailing-edge radii of 0.015 inch w e r e  
specified. After surveying  the optimum-incidence-angle data of  several 
transonic  rotors, an incidence  angle of 5O at a l l  radii was chosen. The 
deviation  angle was estimated  according t o  Carter's rule ( re f .  111. The 
rimer of blades was determined as 22 f o r   t h e  nominal t i p   s o l i d i t y  of 1.2 
and the  16-inch diameter. 

Radii of an equal percent  of  weight  flow at the   ro to r   i n l e t  and  out- 
l e t  (0, 20, 40, 60, 80, and 100 percent) were joined by s t r a igh t   l i nes ,  

f ig .  I). In order t o  maintain  the  desired rate of change i n  B along 
I which w e r e  revolved  about  the axis t o  form conical  surfaces (as shown in 
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t h e  streamline,  the  double-circul8z-arc  airfoil  section was wrapped about 
these cones a t  t h e  proper  setting  angle. For each conical blade element, 
the  center of gravity was determined and the element centers of gravity 
were stacked on a radial l i n e   t o  form a blade. The blade inlet and outlet  
flow angles for the  true cbmikr-arc   blade  sect ions on t h e  conical sur- 
faces, as w e l l  as t h e  inlet and out le t   rad i i ,  are given i n  table I. The 
air i s  turned  to  much less  than axial a t .  the t i p  and beyond ax ia l  at the 
hub. The photograph of figure 2(s) shows the completed f l rs t -s tage  rotor .  

II 

ba co 
APPARAms AND PRm- "_ " "8 

Compressor Ins ta l la t ion  - 

In   order   to   tes t   the   counterrotat ing compressor without the compli- .. 

cation  of  coaxial shafts, two cant i lever- type  tes t   r igs  were placed  face 
to   face,  each r i g  with i ts  own variable-frequency motor and gearbox 
having a r a t i o  of 5.521. A schematic  sketch of the test r i g  w i t h  the 
f i r s t - s t age  rotor ins ta l led  is given i n  figure 2(b). A t  the  inlet, it 
was necessary t o  omit the usual depression tank; instead, the air was 
ducted  around the  first-stage motor, then  through four inlets into an 
annular chaniber. A honeycomb flow straightener was ins ta l led  in this 
chaniber to   e l iminate  any tangential   velocity components resulting f'rom 
the four inlet   pipes.  The ou t l e t   t h ro t t l e s  were placed at the two col- 
lector  outlet   pipes as near  the  collector  exit  88 possible  in order t o  
prevent  the volume between the rotor  and the  outlet   valves f'rom.becoming 
excessively  large. . .. 

c 

d 

The instrument  stations  are shown i n  figure Z(b). A t  s ta t lon  0, 
f ixed  rakes were used t o  m e a s u r e  t o t a l  pressure, s ta t ic   pressure,  and 
t o t a l  temperature at three circumferential and st f ive  radial positions. 
In  front of the first-stage ro tor ,   s ta t ion  1 (approx. 1 in. upstream of 
the  rotor) ,  radial surveys of t o t a l  pressure, flow  angle,  and s t a t i c  
pressure w e r e  made. Station 2, which was approximately 3/8 inch down- 
stream of the  rotor ,  u&s used for   ra t ing  the  performance of the first- 
s tage  rotor .  A t  this station,  radial   surveys of total   pressure,   s ta t ic  
pressure, flow angle, and t o t a l  temperature Were made. A fairing  piece 
was installed i n  the posi t ion  to   be occupied by the  second rotor;  there- 
fore,  the  inner wall curvature  behind  the  rotor differed s l igh t ly  from 
that exis t ing when the second rotor  was used. Numerous s t a t i c  wall tape 
w e r e  placed at various  locations  along the  flow path on both the  inner 
and outer walls. An adjustable o r i f i ce  i n  the pfiing system was used t o  
measure the weight flow. 

. .  

The occurrence  and  frequency of rotating-stall   pulses w e r e  determined - 
wi th  both  hot-wire anemometers and pressure  transducers  connected t o  
sui table   e lectronic  equipment. A complete description of the  transducer 
apparatus,  including a diagram showing bridge cowtruction, hookup, and 
a description of t h e  probe used,  is included i n  appendix C.  

. .  " 
- 



NACA RM E56c15 
.I 

Operating  Procedure 
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After t h e  motor speed  necessary t o  estab-h the   eqxiva len t   t ip  
speed was set according to   inlet   tenperature ,  a test point was obtained 
with  the  out le t   throt t les  wide open (discharge air was ducted t o  labora- 
tory  exhaust  system).  Other test points w e r e  obtained  by  progressively 
closing  the  thrott le  posit ion  (at   constant inlet pressure) u n t i l   t h e  
condition of surge was reached. 

Calculation  Procedure 

All measurements of pressure, temperature,  and  flow angle were 
corrected  for Mach nunher, wtre calibration, and so forth,  according t o  
instrument  ca1,ibratiom  obtained i n  a separate wind tunnel. The computa- 
t i on  of ac tua l  loss, loading, and over-all  performance  parameters was 
made according to   the  equat ions  presented  in  appendixes A and B of 
reference 7. 

Over-All Performance . 
The over-all performance of the  first-stage ro tor  is given i n  fig- 

ure 3. In figure 3(a), the  mss-weighted  average  total-pressure  ratio 
is presented as a function of the  specif ic  weight  flow  (sea-level equiva- 
len t  weight f l o w  per   uni t   f rontal  area). The range  of  equivalent  speeds 
was varied from 50 t o  ll0 percent of the  design  value of 1260 feet per 
second. Prom figure 3(a), it is evident  that  this  rotor  has  conventional 
characteristic  curves  with  an  operating  range at design  speed comparable 
t o   r o t o r s  of lower Levels of pressure ratio and inlet Mach number. 

A t  design speed, the maximum w e i g h t  flow at ta ined was 30.3 pounds 
per second per  square  foot. The peak pressure rat io   obtalned at design 
speed was 2.0 86 compared with  the  design  value of 2.03. The highest 
weight  flow a t  which rotat ing stall  existed is indicated  by  the  ini t ia l  
s ta l l  l ine .  A t  l o w  speeds, it was possible   to   obtain  tes t   points  at 
lower  weight flows t o   t h e  stall-limit l ine .  A t  higher  speeds,  the stall  
pulses w e r e  stronger  and no determined e f fo r t  was made to   opera te  far 
into  the s ta l l  region. Surge established  the lower  weight-flow limit at  
100 and ll0 percent of design speed. 

The adiabatic  efficiency of t he   f i r s t - s t age   ro to r  is plot ted  against  
c specif ic  weight flow i n   f i gu re  3(b) for  equivalent  t ip  speeds  of 50 t o  

- 100- and 110-percent-design speeds. A t  design speed, t h e  peak adiabatic 

110 percent of design. Peak eff ic iencies  remain above 0.90 to a speed 
of 90 percent  of  design. However, peak efficiency drops off r ap id ly   a t  

"7 
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efficiency of 0.87 occurs at a specif ic  weight flow of 29.2 pounds per 
second per square  foot. A comparison of the  actual  blade angles wi th  the 
analytical  design  values  revealed  an  unaccountable error of  +1.75O i n  
blade-setting angle. An estimate of the weight flow carresponding to   t he  
design  incidence angle,at the actual  blade-setting angles gives 29.2 
pounds per  second per s q w e  foot, which agrees x i th  the peak-efficiency 
operating  point. 

In   order   to  illustrate the  average  rotor-outlet  conditions, msB- 
weighted  average  values of ou t le t  f low angle and Mach  number are given i n  
figures  3(c) and (dl, respectively. I n  figure 3(c), the  average  rotor- 
ou t l e t  flow angle is given as a function of the   specif ic  weight flow. A t  
peak-efficiency weight flow and design speed, the average  flow  angle was 
about 46.5O. The mass-weighted average outlet Mach number Mz is  given 
in   f i gu re  3(d) as a f'unction of specif ic  weight flow. A t  a l l  speeds, t he  
general Mach nuniber leve l  is high  (lowest  average Mach number, about 0.95 
a t  design  apeed). 

- 

Although the over-all  performance of tws rotor   6uggests . i ts  use 88 

the  first stage of a conventional axial-flow compressor, high Mach number 
s t a to r s  would be required  to  complete the  stage. At  all speeds above 80 
percent of design, a s t a t o r  cascade would operate in the  transonic flow 
region.  Present knowledge of stator  design  for t h i s  f U w  region and de- 
gree of turning is limited; and, t o  date,  very l i t t l e  is known about 
transonic-stator performance. A counterrotating  second-stage  rotor would 
largely  eliminate this problem by eliminating  the need for  interstage 
s ta tors .  . .. . . . . . . . . . .  - - " 

Des ign-Speed Performance 

Outer-wall static-pressure  distribution. - In  figure 4, the s t a t i c -  
pressure  profiles  over  the  rot& and part of the annulus are shown as the 
r a t i o  of wall s ta t ic   p ressure   to  inlet total pressure. Because  each of 
t h e  pressures shown is a time-average of the  circumferential  variation 
of stat ic   pressure,  and the shock mves.a;re skewed at an angle other than 
90° w i t h  respec t   to   the   ax is  of rotation,  conject'ure i s  necessary  to  inter- 
pret the  significance  of the profiles.  However, it i s  reasonably  certafn 
tha t   t he  mode of operation  within  the  rotor  t ip elements  can be approxi- 
mated. Four test  polnts  are  given which cover the range of design-speed 
operating  conditions. The specif ic  w e i g h t  flows f o r  these points  are 

(1) 0 en t h r o t t l e  or miniruum back pressure, choke flow; 
&/6Pip = 30.3 

(2 )  Maximum back pressure on ver t ical   character is t ics ;  
w@/~AF = 30.0 

r- 
c 
C 

& 

t 

. 
I 
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(4) Minim-weight-flow,  incipient-surge  point; w@/8AF = 27.4 

On any single  blade element of t h i s   ro to r ;   t he   min im aerodynamic 
area is at   the   "closure  l ine;"  that is, at that normal from the suction 
surface of  one blade which intersects  the  leading edge of the adjacent 
blade. This condition is typica l  of double-circular-arc a i r f o i l s  a t  high 
stagger  angles. kt the radial-axial  plane, however, the end walls are 
converging a t  an  average go cone angle at the t i p  and a 19O cone angle 
at the hub. A t  the  t i p ,  the c losure   l ine   in te rsec ts  the suction  surface 
downstream of the 50-percent-chord  point  because of the low so l id i ty  and 
high  stagger angle. At the hub,  where the so l id i ty  is much higher and 
the  stagger  angle is lower, the   c losure  l ine  intersects   the  blade  suct ion 
surface  at .  about  2Gpercent  chord. Thus, the minimum three-dimensional 

t he  aerodynamic area  diverges downstream of this surface. 
cu area o r  throat   consis ts  of a curved  surface  nearer the blade inlet, and 
I 

Figure 4 shows tha t ,   f o r  the open-throttle  point (30.3  Xb/(sec) 

of the leading edge  and then  appears  to go through some shock  configura- 
t i o n   j u s t  downstream of the passage in l e t .  This s i tua t ion  is analogous 
t o  flow i n  a  Lavd  nozzle where the back pressure is low enough t o  a t t a i n  
sonic flow at the  throat  but  too  high for  complete  supersonic  expansion 
throughout the diverging  part of the nozzle.  Despite th i s  shock con- 
f igurat ion,   the  computed r e l a t ive  Mach number is slightly  supersonic at 
the t r a i l i n g  edge. 

4 ( s q   f t ) ) ,  the flow  expands t o  supersonic  velocities  continuously downstream 

. 

A s  back  pressure i s  applied by thro t t l ing   the   ou t le t ,  the  shock 
configuration moves forward i n  the  diverging paseage  without  changing 
the inlet conditions. A n y  n- of points may be obtafned on the ve r t i -  
ca l   cha rac t e r i s t i c  curve with corresponding t i p  wall .pressure prof i les  
between the  30.3 and  30.0 curves  in figure 4. A t  the 30.0 point,   virtual-  
ly on .the ver t ical   operat ing curve, the shock configuration  appears to 
move forward to   t ake  a posi t ion  just  forward of the closure  l ine.  Behind 
th i s  shock, the flow is subsonic;  and, with the diverging  area,  consider- 
able subsonic  diffusion takes place. . 

A t  the  peak-efficiency  point (29.2 l b / ( sec ) ( sq   f t ) ) ,  the flow  inci- 
dence angle I s  somewhat higher, resu l t ing   in  greater expansion  around the  
suction  surface and a higher Mach nuznber at the shock. In addition,  the 
shock location seems. t o  be mved forward s l igh t ly  by the increased back 
pressure,  resulting i n  a steeper  static-pressure  profile behind the  
leading edge. The losses near the  t i p   a r e  not  decreased f o r  t h i s  opera- 
ting  condition,  but  the peak eff iclency is determined by the  reduced 
losses at lower  radii. 

1 
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As back pressure is increased up to  the  incipient-surge  point (weight 
flow, 27.4 lb/( sec) (sq f t  ) ) , the incidence angle increases and the shock 
posit ion seems t o  move fa r ther  forward, r e su l t i ng   i n  a s t eepe r   t i p  wall 
pressure  gradient. There is, in  addltion,  inconclusive  evidence  (in  the 
t i p  and hub wall stat ic   pressurea)  that a smll amount of f l o w  redistri- 
bution  occurred  upstream  of t he  ro tor   in le t  a t  high back  pressures. 

Radial variation of  performance  parameters. - Although the  over-all 
performance of this rotor was generally  satisfactory,   the  effect  of the <ri 
high  level  of Mach nuniber and loading and the m e r i t  of the  design proce- 
dure can be surmised only  from  examination of t h e  rad ia l   var ia t ion  of 
performance and flow  parameters. . In figure 5, the radial variations of 
pressure  ratio,  energy  addition,  and  adiabatic  efficiency are given  for 
the four previously mentioned weight  flows  covering t h e  weight-flow  range. 

(D m m 

The radial var ia t ion of pressure r a t i o  is given  in figure 5(a). A t  
maxim flow with minimum back pressure, the pressure  ra t io  is very low 
at  the t i p  but above des€& near  the hub. However, the  energy adait ion 
(fig.  5(b)3 shows a similar trend; and, as a result, not a l l  the  decrease 
i n  pressure r a t i o  (below the peak values) is derived from losses. The 
dashed lines, representing  original  design  conditions, & not  accountfor A -  

the  1.75' blade-setting error. 
I 

The wide radial var ia t ion Fn energy  addition  results from less-than- 
ax ia l   tu rn ing   a t  t he  t i p  and beyond-axial  turning at the hub. For turning 
t h e  r e l a t ive  flow to  the  less- than-axial   d i rect ion,   re la t ive  veloci t ies  
above design  result in  lower energy  addition,  while  the  opposite  effect 
holds t rue   fo r  beyond-axial  turning.  Losses are high all across  the epan, 
as shown by the adiabatic  efficiency (fig. 5(c)  ). 

As back  pressure is increased  at   the choke weight flow (30.0 
Ib/( sec) (sq ft) ) , the  outlet   relative  velocity  decreases and the energy 
addition shifts t o  a more uniform radial   prof i le   ( f ig .  5). Pressure 
r a t i o  i s  increased at a l l  radii except toward the hub where energy addi- 
t i on  is reduced,  andCadiabetic  efficiency is  improved throughout. AB 
discussed  previously, further increase in back pressure decreases the 
weight f l o w  and, thus, alters the inlet  flow  conditions. A t  the  peak- 
efficiency weight  flow of 29.2 pounds per  second per  square foot ,  the 
energy addition is  re la t ive ly  uniform radially and  near  design  except 
for  an  increase  near  the t i p .  Losses near  the t i p  are greater  than 
anticipated, thus resul t ing in Lower pressure ra t io s  and adiabatic  effi-  
ciencies  than  design. Ne= the hub, both  pressure  ratio and efficiency 
approach design  values. A t  minimum weight flow, there is a further in- 
crease i n  energy addition a t  the  outer  radius,. which results in a s l ight ly  
higher  pressure r a t i o  and about the same efficiency  in t h i s  region. A t  
the hub, ehergy addition i s  the same as fo r  peak efficiency,  but  the 
pressure r a t i o  and efficiency  drop  because of increased losses. 3. 

f 
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Radial variat ion of inlet and outlet  flow  conditions. - The radial 
var ia t ion of inlet and ou t l e t   r e l a t ive  and absolute Mach n d e r s  is Riven 
in   f igure  6 for t he  four design-speed test points Just discussed. &e 
inlet absolute Mach  number (fig. 6(c) )  shows a prof i le  that varies  some- 
w h a t  from the  original  design.  This  profile  demonstrates that t h e  approxi- 
mate method of computing the  inlet flow dis t r ibu t ion  was not  completely 
adequate. The measuring s t a t ion  was approximately 1 inch  upstream of the  
rotor  leading &&e. Ih addition, one of t he  assumptions w a s  that a uni- 
form  flow existed upstream of the  region where rotor  curvature  effects 
apply. In this   instal la t ion,   wi th   the radial inlet and sharp bend, it is 
doubtful  that  uniform flow could be  expected. In fact ,   the   veloci ty  pro- 
f i l e  measured at s t a t ion  0 was m a l l e l  to  that observed a t  s t a t ion  1. 
As a result of the   ve loc i ty   p rof i le  shown, the  blade  incidence angles 
were mismatched radial ly ,  so  that it -was impossible t o  operate a t  design 
incidence at E E L  radii  simultaneously. 

The inlet Mach numbers relative to   t he   b l ade  are presented in fig- 
ure 6(a). The s l igh t   var ia t ion  from design shown is t h e   r e s u l t  of the 
altered a x i a l  Mach n u d e r  p ro f i l e  and the   e r ror  i n  blade-setting  angle. 
The var ia t ion  from design is not  considered  serious a d  is generally less 
than  the  difference due to  operating over a range of  weight flows. 

The ou t l e t   r e l a t ive  Mach mmiber ( in  fig. 6(b)  demonstrates the two 
regions  of flow within  the blade. A t  open th ro t t l e ,   t he   ou t l e t   r e l a t ive  
flow is entirely  supersonic; a t  higher back pressures, the   r e l a t ive  flow 
i s  subsonic. A t  msximum eff ic iency,   the   average  out le t   re la t ive Mach 
number is close  to  the  design  value.  The absolute  outlet  Mxh numbers 
( f ig .   6(d))   fol low  direct ly  from vector  addition of the  re la t ive  values  
and the  wheel speed. A t  open thro t t le ,   the   absolu te  Mach nmiber reaches 
very  high  values. A t  peak efficiency,  the radial var ia t ion shows sub- 
sonic  values at the  outer  radii and supersonic  values at the  inner radii, 
a l l  within  the  transonic range. 

The radial var ia t ion of outlet   f low angle is given i n  figure 7(a)   for  
design  speed and the four  representatfve  weight-flow points. A t  choke 
flow and  open th ro t t l e ,  the angles are-low, but when the-back  pressure is 
applied  and  the relative Mach numbers (fig. 6(b))  approximate des-, the  
out le t  flow angles also approximate  design. As pointed  aut earlier, these 
angles are rather   high  for   turning back t o   t h e  axial direction i n  a single 
blade row, as would generally be required  for  conventional compressor  use. 

As  used in   th i s   counter ro ta t ing   ins ta l la t ion ,   the   f i r s t - s tage   ro tor  
is required  not only to  put  out  design pressure r a t i o  and  weight flow 
but   a l so   to  set up the  desired prerotat ion  for   the secomi stage. a 
f igure   7 (b) ,   the  radial var ia t ion of the   t angent ia l  component  of ou t le t  
veloci ty  is shown. Over most of t he  useful weight-flow  range, the   ou t le t  
condi t ions  for   this   rotor  are suff ic ient ly   c lose  to   design  for  use with 
the  second-stage ro to r  of the  counterrotating compressor. However, t he  
e f f ec t   o f   t he   l a rge   t i p  losses .on the  second-rotor performance is obvi- 
o u s l y  detrimental. 



12 NACA RM E56C15 

Sui tab i l i ty  as First  Stage of Conventional Axial-Flow Compressor 

As mentioned previously, a t  r o t o r   t i p  speeds above 80 percent of 
design,  the  outlet  flow  conditions would require  the  use of high-turning 
t ransonic   s ta tors   in   order   to  complete the  stage. However, the perform- 
ance a t  80-percent speed (1008 f t /sec)  may have in te res t   for  many compree- 
sor  applications, inasmuch as a pressure  ratio of 1.56 was obtained a t  a 
rotor  adiabatic  efficiency of 0.95 and a specif ic  weight  flow of 26.6 
pounds per  second  per  square  foot. A t  this  point,  the  average  outlet w. 
flow  angle was 39O and the  average  outlet Mach  number was 0.85. E 

The radial   var ia t ion of total-pressure  ra t io ,  energy  addition,  flow 
angle, and adiabatic  efficiency  are  given  in figure 8. A t  the  maximum 
flow of 2 8 . 1  pounds per  second per square foot, the  uneven r a d i a l   d i s t r i -  
bution  of  energy  addition (fig. 8(b)) is  the same as at design speed. 
Pressure  ra t io  is low near   the   t ip  and higher near the  hub ( f ig .  G(a)). 
Adiabatic  efficiency p e e s  i n  midchsnnel, but is  Lower new the -11s 
( f ig .  8 (d) ) .  A t  the  lower weight flows, energy addition is quite uniform 
rad ia l ly  and pressure  ratio drops off   less   rapidly  near   the  t ip .  Adiaba- 
t i c   e f f ic iency  i s  poor near  the  tip,  but  very good a t  other   radi i .  F l o w  
angles  vary  considerably  with weight flow, but have a reasonably small 
var i a t ion   i n  the radial direct ian  ( f ig .  8(c)) .  

The radial variation of i n l e t  and ou t l e t   r e l a t ive  and abso lu te   kch  
numbers is  given in   f igure  9. Compared with  design speed, the  values of 
Mach  nuttiber and the  deceleration  rates  indicated are much lower; and, as  
a result ,   efficiency is be t te r .  

4 

Sta l l   Charac te r i s t ics  

Although the  f i rs t -s t8ge  rotor  was more ruggedly constructed  than 
the  usual production-model  compressor rotor,   the s t a l l  character is t ics  
were determined i n  order t o  locate  possible  vibration problems. The 
p a r t i c u l a r  blades  used had a natural frequency much higher than most 
f i r s t - s tage  blades because of the  high camber angle and the  steep hub 
profile,  so less  trouble  with h-nic vibrations wa8 anticipated. It is 
possible, however, fo r  a multiple-stall-zone flow t o   s e t  up harmonic vi- 
brations w i t h  a blade of high  natural  frequency. 

A s  shown  by t h e   i n i t i a l  s ta l l  l i n e  on the character is t ic  map ( f ig .  
3 (a) ) ,   the   f i r s t - s tage   ro tor  enjoyed a Considerable s t a l l - f r e e  range. A t  
low apeeds, it was possible   to   operate   in  the st.a.11 regie-n without  serious 
deterioration of  over-all performance u n t i l  a 6 t a l l - l imi t   l i ne  was reached. 

. " 

. 
The rotat ing-stal l   character is t ics   are  summarized Ln t ab le  11. From 

rad ia l  surveys, it was determined tha t   t he   ro t a t ing   s t a l l  extended over 
the  complete blade span f o r   a l l  speeds and  weight  flows tested.  In - - 
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addition, the rotat ing s ta l l  took the  form of a single zone ro ta t ing  at 

increase w i t h  increasing  back pressure (decreasing weight flow). 
.. 60 t o  70 percent of the   ro tor  speed. The number of s ta l l  zones did not 

Some direct compezisons  between the Langley transducer  and the hot- 
wire t races  (described i n  appendix C) are shown i n  figure 10. TIE s t d l  
data given i n  table II were obtained f m m  photographs of a four-channel 
oscilloscope that had signal inputs from two Langley transducers,  and 
two hot-wire anemometers (figs. 10(a)  and  (b)) o r  two Langley trans- 
ducers, a hot-wire anemometer and a 60-cycle signal (figs.  IO(c) and (a)). 
The distance between pulses, o r  frequency, i s  the same for both instru- 
ments. Phase differences sham are la rge ly   resu l t s  of uneven circumfer- 
ential   spacing of the probes,  although the length of lead t o  a Langley 
pickup  does  introduce some phase lag. As a result, the probes f o r  the 
two Langley pickups  located at lyloKn circumferential angles should be 
ident ica l  when the number of zones is t o  be determined  from the phase 
sh i f t .  

CONCLUDING RFMARKS . 
The t i p  section was purposely loaded. beyond the prudent  diffusion- 

fac tor  limits. The t i p  contour and, hence, loading could  then be altered 

factor  was determined. As indicated by EL comparison of the t i p  pressure 
r a t i o  and enthalpy rise, the t e s t  results from this i n i t i a l   t i p  configu- 
ra t ion  indicated  severe  t ip   losses .  It is not  possible from the data now 
available  to  determine  conclusively whether these losses   resu l t  solely 
from the excessive  diffusion  factor, o r  whether there are independent 
e f fec ts  of Mach number or  static-pressure rise on the various  surfaces. 

T stepwise  unt i l  the  highest loading compatible with an  acceptable t i p  loss  

Actually, the measured t i p   l o s s e s  a t  design  speed  even  exceed  those 
high losses  indicated f r o m  the available  difYusion-factor - loss-factor 
re la t ions.  This observation  suggests that an e f fo r t  might be made t o   f i n d  
a new t i p  loading parameter that would be more appropriate t o  the  current 
t i p  loading and Mach rider levels .  When such a loading form (including 
a l l  the  factors   contr ibut ing  to  the  losses) is found, t he  problem of 
maximizing the t i p  work l eve l  within the allowable loss l i m i t  will be 
s implif id - 

Any new t i p  loading  parameter would depend heavily on the blade sur- 
face peak velocity. Eowever, the computation of the max imblade   su r f ace  
velocity depends, i n  t e n ,  on knowledge of the three-dimensional-annulus 
configuration. Consequently,  any designs that incorporate high weight 
f l o w  and high Mach nunibers should have their  streamlines i n  the radial- 
axial  plane  determined  by (at least ) an approximate  three-dimensional 
design  procedure  throughout the entire flow field, i f  good .efficiency and 
accurate  design  control are t o  be achieved. Moreover, i n  t h i s  manner, 
some measure of  control may be exercised  over the blade surface  velocity 
gradients, and a compatible r ad ia l   d i s t r ibu t ion  of  s t a t i c  pressure might 
be maintained. 

-c 
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The apFoxinaate  annular-inlet  design  procedure w&s f e l t   t o   b e  a step 
in   the   d i rec t ion  o f  ideal  design  control-of  the  distribution of absolute 
i n l e t  ve loc i ty   in   sp i te  of the  discrepancies between the  design and ex- 
per imental   prof i les .   Inabi l i ty   to  meamre the  exact  radial   distribution 
of  s t a t i c  pressure a t  the-axia l   pos i t ion  of the  leading edge of the  rotor 
blade hub sect ion ( t h e  axial   posi t ion of the computed design  values) and 
the   poss ib i l i ty  of nonuniform upstream  flow  each  contributed an indeter- 
minate portion to the observed discrepancy. me existing  differences in 
average  absolute Mach number Level were discovered.to r e s u t  ent i re ly  
from the   e r ror  i n  blade-sett ing angle of +l. 75O .. 

. -  

I 
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Finally,  for the l eve l  of blade mean re la t ive   ve loc i t ies  of the 
subject  rotor,  it appears  highly  desirab1.e . tbt  the weight f low be in- 
tegrated from blade  pressure  surface-  to  the  suction  surface  as  well  as 
in  the  radial-axial   plane.  I n  t h i s  manner, the blade-passage flow ca- 
pacity based on mean velocity may be  check-d.. . ... . .. . . " .. .. 

SUMMARY OF RESULTS 

Separate  tests of a transonic rotor designed both as the  first s t - ae  
of  a two-stage  counterrotating compressor and as a modifiable  high- 
performance transonic-stage  test  vehicle  Indicate  the  following  results; _ .  

& 

1. The performance of the f i r e t  s tage  suffered  from-high  t ip losses, 
which compromised the over-all  efficiency. 

2. The prerotation set up fo r   t he  second stage remained near design 
despi te   the  fact   that   losses  were greater  than  anticipated. 

3. A t  design speed, t he  peak over-azl efficiency of 0.87 occurred 
a t  a pressure  ratio of 2.0 and a specif ic  weIght flow of- 29.2 pounds per  
second per square foot. Corrected  design  values  indicated a peak over-all 
efficiency of 0.92 at a pressure  ra t io  of  2.03 and a specfific weight f la r  
of 29.2 pounds per  second per  square  foot. . . - 

- 

4.  The weight  flow at which peak efficiency  occurred corresponded 
closely  to   the weight flow  for  design  average  incidence  angle, when the 
1.75O error in  blade-sett ing  angle was applied. . .  . "  

5. Considered as the   f i r s t   s t age  of a conventional axial-flow com- 
pressor, where s ta tors  are required t o  complete the stage,  the  best 
performance was found t o  be a t  80 percent of design speed. A t  this speed, 
a pressure  ra t io  of 1.56, rotor  adiabatic  efficiency of 0.95, and a epe- 
c i f i c  weight f low of 26.6 pounds per second  per square foot were obtained.. * 
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- 6. A single full-span rotating-stall zone was found tha t   ro ta ted  a t  
approximately 65 percent of actual rotor  speed at rotor speed of from 50 
t o  90 percent of design  speed. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, March 19, -1956 
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SYMBOLS 

AF compressor f ron ta l  area based on i n l e t  tip diameter, sq ft  

c  specific  heat a t  constant  pressure,  Btu/(lb) [OR) P 

H t o t a l  enthalpy,  Btu/lb 

j radial s t a t i o n   i n  grid system 

M Mach nuniber 

n coefficients , eq. (2 )  

r compressor radius, in. 

rv radius of curvature,  in. 

W 

Y 

6 

& 

entropy,  Btu/lb 

t o t a l  o r  stagnation  temperature, OR 

s t a t i c  or stream  temperature, OR 

ro tor  speed 

f unc t ion value 

velocity,   f t /sec 

weight flow, lb/sec 

axial   distance,  i n .  or Ft 

a i r  angle,  angle between a i r   ve loc i ty  and axial   d i rect ion,  deg 

r a t i o  of  speclf'ic  heats 

r a t i o  of t o t a l   p re s su re   t o  NACA standard.sea-level  pressure of 2U6 
lb/sq f t  

angle. between flow direction and axis Tn radial-axial plane, deg 

ef f ic iency 
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8 r a t i o  of t o t a l  temperature to W A  standard  sea-level temperatme - of 518.7' R 

p s t a t i c  a* density, slugs/cu ft 

a solidity, r a t i o  of' chord. t o  spacing 

(u angular velocity, r-ans/sec 

Subscripts: 

g. 

ad 

h 

r 

t 

- 0 

' I  

2 

adiabatic 

hub 

radial direct ion 

t i p  

axial direction 

tangential   direction 

free stream 

rotor m e t  

ratar outlet 

superscripts: 

- mass-averaged value 

1 relative t o   r o t o r  
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APPENDIX B 

ROTOR-OUTLET DESIGN COMPUTATIONS 

NACA RM E56C15 
c 

u 
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In order t o  complete the  f i rs t - rotor   design on a blade-element basis, 
it was f i rs t  necessary to determine  the  design  velocity components along 
t h e  blade  span a t   t h e   t r a i l i n g  edge. The. th .q .modyyic  propert ies  
(enthalpy,  entropy, and stagnation  density) were already fixed as func- 
t ions of  percent weight flow between the  reference  radius  ( t ip) and the 
radius i n  question as described  in  the ROTOR DESIGN section. From an 
aerodynamic viewpoint  then, the  compatible..(satisfying t i p  thermodynamic 
requirements) t i p   ou t l e t   ve loc i ty  diagram was specified along with  the 
absolute  velocity  distribution  along  the outer casing downstream of the 
rotor .  The problem was then t o  complete the  determination of the velocity 
magnitude and dwection everywhere i n  the  annulus between rotors,  which 
sat isf ied  the  specif ied thermodynamic conditions  of the fluid and prodded 
a desirable  aeroanamic  configuration. The second-rotor inlet velocity 
dis t r ibut ion and the f i r s t - ro tor   d i f fus ion   fac tor  (ref. 4) ,  as well aa the  
velocity changes within the s ta tor less   interrotor  space, had t o  be con- 
sidered. Moreover, t h e   i n i t i a l  slope of the inner wall of the  interrotor  
space  should  approxlmate that of the  prefixed  conical  f irst-rotor hub sur- 
face. The so lu t ion   to  this problem required some i te ra t ion .  

. .  - 

I n i t i a l  computations  with a constant  outer radius indicated that, 
for  the  prescribed  outlet  enthalpy and entropy  distribution, a large hub 
surface cone angle resulted. This large  angle  then led t o  very large 
radial velocity compqnents at and near  the-hub. o r d q  t o  decrease . .  

t h i s  hub angle and the  corresponding radial velocity component at the 
f i r s t - s tage   ou t le t ,  a decrease in t i p   r a d i u s r a - s p e c i f i e d  by the f o l -  
lowing expression: 

. ” 

-. 

rt = 8.000 - 0.0438~~ + 0.01464~~ - 0.0013~~ (1) 

Use of this equation  resultea in a 0.400-inch reduction in t i p  radius 
over the first rotor .  

The radial component of the  equation6 of motion, along with  the 
continuity  equation  (eqs. (13) and (14) of ref. 12), were used in   t he  
interrotor  region  for  determination of the flow conditions. Oaitting the 
nonsignificant blade force terms and assuming a nonviscous f luid,   the  
resulting  equation of motion appl ies   in  the interrotor  annulus: 
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w h i l e  the  continuity  equation is given  as - 

(All synibols are defined i n  appendix A. ) 

The solution  to  these  equations was carried out along grid l i nes  of 
constant radius (fig. 1) except at the  t ip ,  where the radius of the t i p  
contour s t i l l  varied  according t o  equation (1). Equations (B1) and (B2) 
m y  a lso  be solved along the t i p  contour in a manner similar t o  that 
along grid lines w i t h  the  aid of re la t ions between the to t81  and p a r t i a l  
derivatives of the variables. 

Three axial stat ions ( z  = 0, 0.05, and 0.10 f t  after ro tor  hub exit) 
w e r e  selected,  through which radial l i nes  w e r e  drawn. Axial grid lines 
were then drawn a t  constant radii (r = 0.607, 0.577,  0.547,  0.517,  0.487, 
0.457, 0.427, and 0.397, see fig. 1). The values of Vz w e r e  assumed 
along the tip at the specified  z-posit€ons,  and Ve was computed f r o m  
t h e  express  ion 

a t  the rotor outlet. 

Downstream values (in the interrotor  space) of Ve = VG,2(r2/r). A t  
any point, V, = Vz tan E where t a n  e is given by the derivative of the 
t i p  contour  expression. The t o t a l  temperature Tz may be expressed 
as follows: 

c Tl +AH 
T2 = C 

P 

For the final calculation, a constant enthalpy and,  hence, constant Tz 
w e r e  used along the blade span. 

Then, w i t h  a l l  velocity components known and the stagnation  density 
given at the tip, the  stream temperature, the velocity of sound, the  Mach 
nuuiber, and the s t r e a m  density were found. The weight flow was approxi- 
mated through t h e  t i p  incremental annulus, using t i p  conditions and mean 
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The accumulated mass between t h e   t i p  j = 0 and any l oca l   r ad ia l  posi- 

t i o n  j was  1". cs 

8 
OJ 

The entropy, enthalpy, and to ta l   dens i ty  w e r e  then found a t  (3 -+ 1) 
as a function of percent weight  flow. All derivatives with respect t o  
r were approximated by dividing  the small incremental a w e s  from 3 
t o  ( j  + 1) by r - rj+l. I n  order to   obtain Zhe p a r t i a l  chan@;ee with 
respec t   to  z on a constant-radius  grid line, the  folliwing  three-point- 
d i f fe ren t ia t ion  formula was used: 

. . .. . 
- "- 

. 
The grid spacing  used is indicated in figure 1. The subscripts 2a, Zb, 
and 2c indicate  the first, second,  ana thiEE stations,   respectively,  I 

downstream of the   ro tor   ou t le t ,  whereas u represents any flrnction known 
at the  designated points. Hende, any quantity  for which values a r e  known 
on the  horizontal  grid l i n e  could be subst i tute&  into (B5) to   ob ta in  its 
par t ia l   der iva t ive   wi th   respec t   to  z a t  that point. The equations (Bl) 
and (B2) w e r e  solved to   give  ul t imately aVr/ar from which Vr could be 
found on the  adjacent  horizontal  grid U e .  This process was continued 
along r UnkillOGpercent weight flow m e  obtained. The locus of  the 
100-percent-weight-flow seeamline,  which i d e r i t e i e i  -the- hub contour, was 
then found by radi&l  interpolat ion between tke appropriate  grid  points. 
Streamlines  through  -the  rotor were then approximated  by s t ra ight  lines 
joining  points a t  the blade i n l e t   t o   t h e  po&%s' of corres.pondlng  percent 
weight  flow a t  blade out le t .  

" 

. .  

. .. 

The poss ib i l i ty  existed that ei ther  the hub contour, t he   r ad ia l  
var ia t ion of conditions a t   t h e  end of the  jnt$rrotor space, or the ve- 
l ac i ty  changes along aqy streamlines  acro&-the-.Flrs€-stage  rotor wuuM 
not meet the  design  requirements. In t h i s  even$, the  designer could then 
alter t h e  assumed t i p  axial velocity  distribution,.  the-.%ip wall contour 
between rotors ,  and/or the   d i s t r ibu t ion  of any of the  thermodynamic 
properties across the   f i r s t - s tage   ro tor  and continue  the computations un- 
til a satisfactory  configuration is r e d e d .   f i - e a c t i c e ,  t h e  t i p  axTal 
velocity  distribution  usually ha6 suff ic ient   effect  on the  cornput-ational 
results so tha t  no other terms need be  altered. If, however, the t i p  
wall V, dist r ibut ion cannot be changed sufficiently to   l ead  t o  the 

. . . - . -. 

. .. 

* 
.. . 

- 



MACA RM E56C3-5 21 

desired results, change in either the  enthalpy input (which, of  course, 
means a change in pressure r a t i o   f o r  no change in loss  dis t r ibu t ion)  or  
the t i p  wsl l  contour affords powerful m e a m  of altering t h e  final flow 
configuration. 

- 
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APPENDIX C 

ROTATING- STALL APPARATUS 

NACA RM E56C15 

The type of equipment employed at the time of these tests for deter- 
mining rotat ing-stal l   character is t ics   consis ted of a 0.0002-inch hot-wire 
anemometer with  an Ossofsky amplifier  unit,  variable eGctro-dc filters, 
various  bridges, and an oscilloscope  (see ref. 13). The wires were very 
f r ag i l e  and did not last  long under s ta l l  conditions. For much of the ti 
curren t   t es t  work, it i s  on ly  necessary t o  determine  whether rotat ing 8 
s ta l l  ex i s t s  and, i f . s o ,   t h e  frequency and radial extent. For t h i s  use, 
a rugged pickup with long l f f e  .would be preferred. . 

. . . .. 

- 

The Trequency response of a Langley transducer (ref. 14) is adequate 
for   the  *equency range of rotating-stall   pulses if the-  pressure  leads 
are   short  enough t o  prevent  attenuation of the  signal.  I n  order t o  make 
r a d i a l  surveys, however, some length of Lead is inevitable. The arrh-rige- 
rnent shown i n  figure 11 was devised t o  use a transducer  with  the nvsxirmrm 
sens i t i v i ty  without  ampllfication. The probe shown has four pressure 
or i f ices ;   the  two s ide  tubeg are for   the  autoret ic  angle device  to keep - 
the  probe  pointed  into  the stream. The bottom tube (a pitot   tube) ie led 
o f f   t o  an acoustic  trap (4  f t  of 0.030- by 0.003-in. wall tubing; volume, 
approx. 1 cu in . )  t o  one s ide of  the  Langley  pickup. This provides a s 

steady pressure tha t  i s  the same as the  average total presswe In the 
fluctuating  stream. The top  tube goes d i r ec t ly   t o   t he  pressure pickup 
with as short  a lead as  possible. Thus, the   pressure  dsference on the 
diaphragm  of the  pickup i s  only the  difference due t o   t h e  unsteady flow; 
a sensitive  inetrument (3112 lb/sq in. ) may be used. addi t ion   to   the  
probe,  pickup, and acoustic  trap, a simple  adjusting  bridge,  an  oscilla- 
to r ,  and an  oscilloscope are required. .(The s igna l  was superimposed on 
a 10,000-cycle car r ie r  wave. } This equipment. is actually much simpler 
and more r e l i ab le  than the  hot-wire  equipent, though i ts  use  for quin- 
t i t a t i v e   d a t a  is limited. For these  tes ts ,  a four-chaiihei  oscillosc6pe 
was used t o  allow di rec t  comparison of a hot-wire anemometer and a Langley 
transducer  and to   car ry  a 60-cycle wave f o r  reference  purposes. 

- 

. " 

" - 
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WLF: I. - ROTOR DESIGN CONFIGURATION 

[mcidence angle, 50.3 

S t r  earn Solidity, Flow angle, Stream surface 
surface, radius, in.  

Outlet, Inlet, Outlet, Inlet, mass from 
percent 

a deg 

t i p  f 2  E l  r2 rl 

0 . 7.63 7.97 63.94 
60.65 7.12'  7.33 20 

1.234 44.20 

1.804 1.38 49.57 5.61 5.06 80 
1.591  13.53 53.53 6.18 5.92 60 
1.413 21.99 57.20 6.67 6.66 40 
1.332 29.81 

100 4.00 4.89 45.49 -16.65 2.164 

cone stall zone; root-to-tip s t a n .  1 

13.15 
ll. 75 
10.28 
12.53 
16.42 
14.76 
13.14 
19.21 
22.11 
24.64 

Rotor speed 

50 
50 
50 
50 
60 

' 60 
60 
70 
80 
90 

153.9 
154.0 
153.8 
184.0 
184.0 
184.0 
214.0 
245.5 
276.0 

Stall 

rotor  speed CPS 

Stall speed, 
frequency, percent 

102 
102 
102 
100 
123 
l l8  
123 
148 
160 
169 

67.5 
67.5 
65.6 
65.0 

70.7 or 67 
63.6 
65.7 
69.2 
65.4 
61.2 

25 
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Percent of . . . . . . - . . . . I . . . . 

- 20 - - 7"" 7 -  t 
Blaae reference 
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60 
C" 
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0 ' t /  

Interrotor 
computational 
grid, f t  

I - / -k" 

Interrotor 
spacing, f t  

.607 

.577 

,547 

.517 

.4a7 

.457 

.427 

.397 

I I 

VI 
Q, 

Figure 1. - First-stage r o t a  computationd la& in  radial-axial  plane. 
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(a) photograph of rotor. 

Figure 2. - First -s tage  rotor of counterrotating supersonic compressor. 
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A i r  inlet 4 
chtlet collector 
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Figure 3. - Ovex-all parformeace of firet-stage rotor  of counterrotating campressor. 

29 
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E 
. C  

C 1 2 3 4 5 6 
Axial d l s  tance, z, i n .  

Figure a ,  - Static-pressure  distribution along Outer  Wall. - 
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" 

(a) Inlet  relative Mach mmber. 

(a) Outlet  absolute Hach number. 

(b) Outlet relative Mach number. 

Figure 6 .  - Radial variations of Mach numbers for first-stage rotor of  ccxmterrotating compressor at 
deslgn speed of 1260 feet per secwU. 
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(a) Total-pressure ratio. (b) Energy addition. 

ratio 
- 1  

(c) Outlet f lm angle. (a) Adlabatic efficiency. 

Figure 8 .  - Radial variation of performance paameters at 80 percent of dealgn speed. 
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Radius ratio 

( c )  Inlet absolute Mach munber. ( d )  Cutlet absolute Hach number. 

Figure 9 .  - Radial variation of Mach numbers at 80 percent of design sped. 



." . . . 

# & 

(a) speed, 50-percent aesign; s t a l l  frequency, 100 cps; 
radlal posltlon 2; specific weight f l o w ,  12.53 
pounds per secona per square foot. 

(b) Speed, 50-percent Beslm; s t a l l  frequency, 100 C ~ E ;  
radial poaltion 7; speclflc weight flaw, 12.53 
pounds per second per square foot. 

Figure 10. - Corngarison of hot-wire-anemometer and Iangley pickup traoes. 



.. . .. . .. . 

(a) sW, 8C-perceut deai@; stall frequency, 160 cpe; 
radial position 2; spsciflc weight flm, 22.U 
poumps par Bacond per .quare foot. 

1 L 
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Front view 

I 
I Acoustic 

LOJ 
Audiooscilla- 
to r ,  u3,oOO 

Capsule for 
self-balancing 
probe 

(a) Hookup of Langley transducer as rotat ing-stal l  
detector. 

output 0.003 p f  

10 mh 

VPC high "Q" 
toroid 

10,000 Eelipot , 
set t ing 

0.01 pf 
5000 Q so00 
-0.1% 

I I 

(b) Bridge circuit .  

~ i g u r e  11. - -ley trassducer details. 
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"1 " 

Actuator -, 

C-41448 

(c) Probe and apparatus for rotating-stall detection end evaluation. 

Figure 11. - Concluded. Langley transducer details. 
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